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b cells rely on adenosine triphosphate-sensitive
potassium (KATP) channels to initiate and end
glucose-stimulated insulin secretion through
changes in membrane potential. These chan-
nels may also act as a constituent of the exo-
cytotic machinery to mediate insulin release
independent of their electrical function. How-
ever, the molecular mechanisms whereby the
b cell plasma membrane maintains an appropri-
ate number of KATP channels are not known. We
now show that glucose increases KATP current
amplitude by increasing the number of KATP
channels in the b cell plasma membrane. The
effect was blocked by inhibition of protein ki-
nase A (PKA) as well as by depletion of extracel-
lular or intracellular Ca2+. Furthermore, glucose
promoted recruitment of the potassium inward
rectifier 6.2 to the plasma membrane, and intra-
cellular KATP channels localized in chromogra-
nin-positive/insulin-negative dense-core gran-
ules. Our data suggest that glucose can recruit
KATP channels to the b cell plasma membrane
via non-insulin-containing dense-core granules
in a Ca2+- and PKA-dependent manner.
INTRODUCTION
Molecular biological and electrophysiological studies
have revealed that the adenosine triphosphate-sensitive
potassium (KATP) channel consists of potassium inward
rectifier 6 (Kir6) and sulfonylurea receptor (SUR) subunits
(Aguilar-Bryan and Bryan, 1995, 1999; Clement et al.,
1997; Inagaki et al., 1995; Seino and Miki, 2003). In the
pancreatic b cell, the KATP channel complex comprises
the SUR1 and Kir6.2 isoforms in a hetero-octameric com-
plex with a 4:4 ratio of Kir6.2 and SUR1 subunits (Aguilar-
Bryan and Bryan, 1995, 1999; Clement et al., 1997;
Inagaki et al., 1995; Seino and Miki, 2003). Kir6.2 subunits
form the pore of the KATP channel, while SUR1 subunits
are grouped symmetrically around this central pore forma-
tion and act as regulatory subunits (Aguilar-Bryan andCell MeBryan, 1995, 1999; Clement et al., 1997; Inagaki et al.,
1995; Seino andMiki, 2003). These two KATP channel sub-
units, like other membrane proteins, recycle to maintain
a certain number of functional KATP channels in the plasma
membrane (Beguin et al., 1999; Hu et al., 2003).
The ATP/ADP ratio-dependent closure or opening be-
havior of KATP channels alters the b cell membrane poten-
tial and consequently opens or shuts voltage-gated Ca2+
channels, resulting in corresponding insulin secretory re-
sponses following the rise or fall in glucose (Yang and
Berggren, 2005a, 2005b, 2006). In addition, KATP channel
proteins, and in particular SUR1 subunits, may also act as
a constituent of the exocytotic machinery to mediate insu-
lin exocytosis independent of their electrical function (Eli-
asson et al., 2003). Therefore, an appropriate number of
KATP channels in the plasma membrane are required for
the efficient glucose responsiveness of b cells and thereby
glucose homeostasis (Nichols, 2006). However, the mo-
lecular mechanisms whereby the b cell plasmamembrane
maintains an appropriate number of KATP channels remain
unknown.
It is well known that b cells fromdifferent species includ-
ing mice, when subjected to initial glucose stimulation
long enough to induce second-phase insulin secretion,
release more insulin when re-exposed to glucose. Such
glucose sensitization is referred to as b cell memory to glu-
cose stimulation (Grill et al., 1978; Grodsky, 1972; Nesher
and Cerasi, 2002; Straub and Sharp, 2002; Zawalich and
Zawalich, 1996). However, it remains elusive how b cell
memory to glucose stimulation occurs. It is intriguing that
glucose may recruit KATP channels to the b cell plasma
membrane to preserve the b cell glucose responsiveness
and thereby b cell memory to glucose stimulation. In the
present work, we describe a pathway whereby glucose
recruits KATP channels to the b cell plasma membrane via
chromogranin-positive/insulin-negative dense-core gran-
ules in a Ca2+- and protein kinase A (PKA)-dependent
manner.
RESULTS
Glucose Increases the Number of Electrically
Functional KATP Channels
To evaluate whether high glucose increases the number of
electrically functional KATP channels in the b cell plasma
membrane, we examined effects of 1 hr incubation withtabolism 6, 217–228, September 2007 ª2007 Elsevier Inc. 217
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Glucose and b Cell KATP Channel Translocation3mM glucose (as a control) and 17mMglucose on whole-
cell KATP currents in pancreatic b cells. It is known that
b cells exposed to higher glucose concentrations return
to the resting state, in terms of electrical activity, only after
about 1 hr when exposed again to low concentrations of
the sugar. Moreover, incubation with 17 mM glucose
requires about 1 hr to fully and physiologically activate
glucose signal transduction, including first- and second-
phase insulin secretion in the b cell (Larsson-Nyren and
Sehlin, 1996, 2002). Therefore, 1 hr was chosen for glu-
cose stimulation in the present experiments. Apparently
there is a significant difference in the ATP/ADP ratio be-
tween cells treated for 1 hr with 3 versus 17 mM glucose.
The majority of KATP channels in cells subjected to the
high-glucose incubation are closed (Ashcroft and Rors-
man, 1989). Before and during the recordings, we there-
fore dialyzed the cells with 0.3 mMATP/ADP and exposed
them to the KATP channel opener diazoxide to equalize ex-
perimental conditions and maximally open KATP channels
(Bokvist et al., 1999; Zunkler et al., 1988). Cells treated
with 17 mM glucose displayed larger whole-cell KATP cur-
rents evoked by 10 mV hyperpolarizing and depolarizing
voltage pulses from a holding potential of70mV (Figures
1A and 1B). However, there was no significant difference
in cell capacitance, reflecting plasma membrane area,
between 3 and 17mM glucose-treated cells (4.8 ± 0.3 ver-
sus 4.5 ± 0.3 pF; n = 28, p > 0.05). This indicates that the
plasma membrane area after 1 hr of stimulation is unal-
tered due to a compensatory glucose-stimulated endocy-
tosis following glucose-stimulated exocytosis.
To verify that the majority of the whole-cell currents ob-
tained under our experimental conditions were indeed
KATP currents, we exposed the glucose-incubated cells
to 0.1 mM tolbutamide, a specific KATP channel blocker,
in the presence of diazoxide. Figure 1A shows representa-
tive whole-cell KATP current traces registered in low- and
high-glucose-incubated cells before and during exposure
to tolbutamide. The majority of the whole-cell currents
were blocked in the presence of tolbutamide. Compiled
data illustrate that incubation with 17 mM glucose for
1 hr (n = 28) significantly enhanced whole-cell KATP current
density compared to incubation with 3 mM glucose (n =
28) (p < 0.05) and that the specific KATP channel blocker
tolbutamide blocked 90% of these whole-cell KATP
currents (Figure 1B).
Although the enhancement of whole-cell KATP currents
by 17 mM glucose incubation indicates an increase in
the number of functional KATP channels, changes in KATP
channel activity at the single-channel level cannot be
completely ruled out. To characterize single KATP channel
properties in glucose-incubated cells, cell-attached
recording was performed in the presence of 0.3 mM diaz-
oxide to optimally detect unitary KATP currents. Tolbuta-
mide-blockable inward unitary K+ currents with an ampli-
tude of5 pA were considered as KATP currents under the
present recording conditions (Figure 2A). Figure 2A shows
a typical unitary KATP current trace recorded from a cell-
attached patch on a cell treated with 3 mM glucose. The
recorded channel alternated between the open and218 Cell Metabolism 6, 217–228, September 2007 ª2007 Elsevclosed states. Addition of 0.1 mM tolbutamide effectively
closed this channel. Subsequently, it induced biphasic
currents, demonstrating that the KATP channels in the re-
corded cell were blocked to the extent that action poten-
tials were generated (Figure 2A). Analysis of unitary KATP
currents showed that 17 mM glucose incubation did not
influence single KATP channel properties as compared to
3 mM glucose incubation (Figures 2B and 2C). There
was no difference in either mean open time or open prob-
ability between treatment with high glucose and treatment
with low glucose (Figures 2B and 2C).
To verify electrophysiologically whether glucose in-
creases the number of KATP channels, inside-out patch
Figure 1. High Glucose Increases Whole-Cell KATP Channel
Activity in the Pancreatic b Cell
Whole-cell KATP currents were registered in single b cells dialyzed with
0.3 mM ATP/ADP and exposed to 0.3 mM diazoxide. Gluc: glucose;
diaz: diazoxide; tolb: tolbutamide.
(A) The top two panels show sample whole-cell KATP current traces,
generated by ±10 mV voltage pulses (300 ms, 0.5 Hz) from a holding
potential of 70 mV, from a cell (4.1 pF capacitance) subjected to
1 hr of 3 mM glucose incubation in the absence (top panel) and pres-
ence (second panel) of 0.1 mM tolbutamide. The bottom two panels
show sample whole-cell KATP current traces, generated by the same
voltage protocol, from a cell (4.0 pF capacitance) subjected to 1 hr
of 17mMglucose incubation in the absence (third panel) and presence
(bottom panel) of 0.1 mM tolbutamide.
(B) Summary graph of whole-cell KATP current density showing that
17mMglucose-treated cells (left-hand black column, n = 28) displayed
larger currents than 3 mM glucose-treated cells (left-hand white col-
umn, n = 28) in the absence of 0.1 mM tolbutamide. The majority of
the whole-cell currents were blocked by tolbutamide. Moreover, there
was no difference in the tolbutamide-insensitive current between
3 mM (right-hand white column, n = 23) and 17 mM glucose incubation
(right-hand black column, n = 23). This confirms that non-KATP currents
were not affected by glucose stimulation. Statistical significance was
evaluated by unpaired Student’s t test. *p < 0.05. In this and all other
figures, error bars represent ±SEM.ier Inc.
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Glucose and b Cell KATP Channel TranslocationFigure 2. High Glucose Does Not Alter
Properties of Single KATP Channels but
Increases the Number of KATP Channels
in the Pancreatic b Cell
Unitary KATP currents were obtained in cell-
attached patches on b cells exposed to 0.3 mM
diazoxide in the presence of 3 or 17mMglucose
and inside-out patches from b cells bathed with
3 or 17 mM glucose. Statistical significance
was evaluated by unpaired Student’s t test and
Mann-Whitney U test. *p < 0.05.
(A) Sample trace showing that 0.1 mM tolbuta-
mide effectively blocks unitary KATP currents
and subsequently evokes biphasic currents de-
rived from action potentials in a cell-attached
patch on a b cell in the presence of 0.3mM diaz-
oxide following 1 hr of 3 mM glucose incubation.
Two segments of the recording are expanded to
illustrate unitary KATP (left lower panel) and ac-
tion-potential-derivedcurrents (right lowerpanel)
with high temporal resolution.
(B) Examples of open time distributions of single
KATP channels in cells subjected to 1 hr of 3 mM
(leftpanel) or17mM(rightpanel) glucose incuba-
tion. Insets show original unitary KATP current
traces. t: open time constant.
(C) Summary graph showing that treatment with
17mMglucose (black columns, n = 10) does not
alter the mean open time (left panel) and open
probability (right panel) of single KATP channels
as compared to treatment with 3 mM glucose
(white columns, n = 11, p > 0.05).
(D)Sample traceshowingunitaryKATPcurrents in
an inside-outpatch froma3mMglucose-treated
cell (upper panel) and from a 17 mM glucose-
treated cell (lower panel). The identity of KATP
channels was confirmed by ATP inhibition.
(E) Summary graph showing that patches from
17 mM glucose-treated cells (black column, n =
26) harbor significantly more KATP channels
than those from 3 mM glucose-treated cells
(white column, n = 26).
(F) Summary graph showing that treatment with
17 mM glucose (black columns, n = 26) does
not alter the open probability of KATP channels
as compared to treatment with 3 mM glucose
(white columns, n = 26, p > 0.05).recordings were employed. A sample trace of unitary KATP
currents in an inside-out patch from a 3 mM glucose-
treated cell (Figure 2D, upper panel) displays lower levels
of KATP conductance, reflecting a lower number of KATP
channels, in comparison with a sample trace from a 17
mM glucose-treated cell (Figure 2D, lower panel). The
identity of KATP channels shown in these two traces was
confirmed by ATP inhibition (Figure 2D). Figure 2E illus-
trates that patches excised from 17 mM glucose-treated
cells (black column, n = 26) contained significantly more
KATP channels than those from 3mMglucose-treated cells
(white column, n=26, p<0.05).However, therewasnosig-
nificant difference in the open probability of KATP channels
between3mM(Figure 2F,white column, n=26) and17mM
glucose-treated cells (black column, n = 26, p > 0.05).Cell MeGlucose Recruits KATP Channels to the Plasma
Membrane in a Ca2+- and PKA-Dependent Manner
To test for the molecular mechanisms whereby high glu-
cose increases whole-cell KATP channel activity, we incu-
bated cells for 1 hr with 17 mM glucose plus the Ca2+ che-
lator EGTA at 0.5 mM or the PKA inhibitor H-89 at 1 mM, or
with 3 mM glucose plus insulin at 50 mU/ml. Whole-cell
KATP current recordings registered in singleb cells dialyzed
with 0.3 mM ATP/ADP and exposed to 0.3 mM diazoxide
show that treatment with EGTA or H-89 fully prevented
17 mM glucose-induced enhancement of whole-cell KATP
channel activity. Figure 3A shows that whole-cell KATP
currents in cells incubated with 17 mM glucose plus EGTA
(n =38) orH-89 (n =39)were significantly lower than in cells
incubated with 17 mM glucose alone (n = 38) (p < 0.05).tabolism 6, 217–228, September 2007 ª2007 Elsevier Inc. 219
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Glucose and b Cell KATP Channel TranslocationFigure 3. High-Glucose-Induced Recruitment of KATP Chan-
nels to the b Cell Plasma Membrane Depends on Intracellular
Ca2+ and PKA Activity
Statistical significance was evaluated by one-way ANOVA followed by
least significant difference test.
(A and B) Whole-cell KATP current recordings were registered in single
b cells dialyzed with 0.3 mM ATP/ADP and exposed to 0.3 mM diazo-
xide. Insets depicted in summary graphs show original whole-cell KATP
current traces, generated by ±10 mV voltage pulses (300 ms, 0.5 Hz)
from a holding potential of70mV, from corresponding groups below.
Calibration bars are 200 pA and 50 ms. Gluc: glucose; PKI: protein
kinase A inhibitor 14-22 amide.
(A) Summary graph showing that 17 mM glucose-treated cells (n = 38)
displayed larger currents than 3 mM glucose-treated cells in the220 Cell Metabolism 6, 217–228, September 2007 ª2007 ElseThere was no significant difference in KATP currents be-
tween treatments with 3 mM glucose and 17 mM glucose
plus EGTA or H-89 (p > 0.05). Furthermore, incubation
with insulin in the presence of 3 mM glucose produced
no effect on whole-cell KATP channel activity. As shown
in Figure 3A, there was no significant difference in KATP
currents between treatment with 3 mM glucose alone
and treatment with 3 mM glucose plus insulin (p > 0.05).
To confirm intracellular Ca2+ and PKA dependency of
the effect of glucose on whole-cell KATP channel activity,
we also examined the influence of 1 hr incubation with
17 mM glucose plus the membrane-permeable Ca2+ che-
lator BAPTA/AM at 0.1 mM concentration or the myristoy-
lated PKA inhibitor 14-22 amide (PKI), a membrane-
permeable specific PKA inhibitor, at 20 mM concentration.
As shown in Figure 3B, addition of BAPTA/AM (n = 23) or
PKI (n = 23) efficiently abolished 17 mM glucose-induced
enhancement of whole-cell KATP channel activity in b cells
dialyzed with 0.3 mM ATP/ADP and exposed to 0.3 mM
diazoxide. KATP currents in cells incubated with 17 mM
glucose plus BAPTA/AM or PKI did not differ significantly
from those in cells treated with 3 mM glucose alone (p >
0.05) but were significantly decreased in comparison with
those in cells incubated with 17 mM glucose (p < 0.01 for
17 mM glucose plus 0.1 mM BAPTA/AM and p < 0.05 for
17 mM glucose plus 20 mM PKI).
Increases in both the activity of whole-cell KATP chan-
nels and the levels of unitary KATP conductance with unal-
tered single-channel properties could be due to activation
of silent KATP channels already existing in the plasma
membrane and/or an increase in KATP channel incorpora-
tion into the plasma membrane. To test for the possible
recruitment of KATP channel subunits from intracellular
compartments to the plasma membrane by high-glucose
stimulation, we isolated plasma membrane proteins em-
ploying a biotinylation approach. RINm5F cells, represent-
ing a homogeneous population of insulin-secreting cells,
were used for biotinylation purification of b cell plasma
absence (n = 39) or presence of insulin (50 mU/ml, n = 39) and
17 mM glucose-treated cells in the presence of 0.5 mM EGTA (n = 38)
or 1 mMH-89 (n = 39). **p < 0.01 versus 3mMglucose; +p < 0.05 versus
3 mM glucose plus insulin (50 mU/ml), 17 mM glucose plus 0.5 mM
EGTA, and 17 mM glucose plus 1 mM H-89.
(B) Summary graph showing that 17 mM glucose-treated cells (n = 23)
exhibited larger currents than 3 mM glucose-treated cells (n = 24) or
17 mM glucose-treated cells in the presence of 0.1 mM BAPTA/AM
(n = 23) or 20 mM PKI (n = 23). **p < 0.01 versus 3 mM glucose and
17 mM glucose plus 0.1 mM BAPTA/AM; +p < 0.05 versus 17 mM
glucose plus 20 mM PKI.
(C) High glucose promotes KATP channel Kir6.2 translocation to the
plasma membrane of insulin-secreting RINm5F cells. Histogram illus-
trates that the intensity of the Kir6.2 immunoreactivity in the plasma
membrane of 11 mM glucose-treated cells is significantly higher than
in cells treated with 0 mM glucose or 11 mM glucose plus 20 mM
PKI. The inset immunoblot shows the Kir6.2 immunoreactivity in
plasma membrane proteins obtained with biotinylation purification
from RINm5F cells treated with 0 mM glucose (left band), 11 mM glu-
cose (middle band), and 11 mM glucose plus 20 mM PKI (right band),
respectively. n = 4; *p < 0.05 versus 0 mM glucose and 11 mM glucose
plus 20 mM PKI.vier Inc.
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Glucose and b Cell KATP Channel TranslocationFigure 4. High Glucose Enhances Endocytosis but Does Not Alter the Expression of Total Proteins or KATP Channel Kir6.2/SUR1 in
Pancreatic b Cells
Statistical significance was evaluated by unpaired Student’s t test. **p < 0.01.
(A) Images at left are representative confocal images showing that FM1-43 accumulation in cells incubated for 1 hr with 3mMglucose (upper row) was
less pronounced than in cells incubated with 17 mM glucose (lower row). Panel at right shows quantification of total FM1-43 accumulation in pan-
creatic b cells, indicating that 1 hr incubation with 17 mM glucose (black column, n = 52) significantly enhanced FM1-43 accumulation as compared
to 1 hr incubation with 3 mM glucose (white column, n = 46). Scale bar = 10 mm.
(B–D) Quantification of total protein concentration and relative abundance of total SUR1 and Kir6.2 subunits in pancreatic b cell homogenates sub-
jected to 1 hr incubation with 3 mM (white columns, n = 6) or 17 mM glucose (black columns, n = 6). There was no significant difference in the total
protein concentration (B) and relative abundance of total SUR1 (C) and Kir 6.2 subunits (D) between low- and high-glucose incubation. Insets show
representative immunoblots of b cell homogenates subjected to 1 hr incubationwith 3mM (left lanes) and 17mMglucose (right lanes) and probedwith
anti-SUR1 (C) and anti-Kir6.2 antibodies (D).membrane proteins. Immunoblotting analysis of such b
cell plasma membrane proteins revealed significant re-
cruitment of the KATP channel pore-forming subunit Kir6.2
from intracellular compartments to the plasma membrane
following glucose incubation. As shown in Figure 3C,
treatment with 11 mM glucose significantly increased the
Kir6.2 immunoreactivity in the plasma membrane as com-
pared to incubation with 0 mM glucose (p < 0.05). Further-
more, addition of the membrane-permeable specific PKA
inhibitor PKI at 20 mM effectively ablated the 11 mM glu-
cose-induced increase in Kir6.2 immunoreactivity. The
Kir6.2 immunoreactivity obtained from cells treated with
11 mM glucose plus 20 mM PKI was similar to that
obtained with 0 mM glucose alone (p > 0.05).
Glucose Facilitates b Cell Endocytosis
The increase in plasma membrane KATP channels by glu-
cose stimulationmayalso result from reducedendocytosis
of the plasmamembrane. To examine this possibility, b cell
endocytosiswasmeasured following 17mMglucose incu-
bation. Imaging experiments showed that there was two
times more accumulation of the endocytotic marker dye
FM1-43 in cells incubated with 17 mM glucose compared
to cells incubated with 3 mM glucose (Figure 4A). ThisCell Mdemonstrates that 17 mM glucose facilitates b cell endo-
cytosis. Hence, suppression of endocytosis cannot
explain our findings.
Glucose Does Not Alter Expression of Total
Proteins or KATP Channel Kir6.2/SUR1
Although immunoblot analysis in combination with isola-
tion of plasma membrane proteins clearly shows a shift
in Kir6.2 subunits from intracellular compartments to the
plasma membrane, one may still question whether high
glucose stimulates the expression of KATP channel Kir6.2
and SUR1 subunits. To address this issue, we quantified
the abundance of total proteins, Kir6.2, and SUR1 in the
homogenate of islets exposed to 3 or 17 mM glucose for
1 hr. Figures 4B–4D show that incubation with 17 mM glu-
cose for 1 hr (n =6) did not significantly alter the abundance
of total proteins, Kir6.2, or SUR1ascomparedwith incuba-
tion with 3 mM glucose for 1 hr (n = 6) (p > 0.05).
KATPChannels Localize inChromogranin-Positive/
Insulin-Negative Granules
To determine which subcellular organelles carry intracel-
lular KATP channels to the b cell plasma membrane, we
employed confocal microscopy in conjunction withetabolism 6, 217–228, September 2007 ª2007 Elsevier Inc. 221
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Glucose and b Cell KATP Channel TranslocationFigure 5. KATP Channels Localize in Chromogranin-Positive/
Insulin-Negative Structures in Pancreatic b Cells
Deconvoluted confocal immunofluorescence images of cultured pan-
creatic b cells labeled with either monoclonal or polyclonal anti-insulin
antibody together with anti-SUR1, anti-Kir6.2, or anti-chromogranin
antibody; with anti-SUR1 antibody together with anti-Kir6.2 antibody;
or with anti-chromogranin antibody together with anti-SUR1 or anti-
Kir6.2 antibody.
(A) A cell incubated with a mixture of anti-insulin and anti-SUR1 anti-
bodies exhibits intense insulin-like immunofluorescence (insulin-LI)222 Cell Metabolism 6, 217–228, September 2007 ª2007 Elsevdeconvolution analysis to localize immunofluorescence-
labeled insulin, chromogranin, Kir6.2, and SUR1 subunits
in cultured pancreatic b cells. We also used immunogold
labeling and electron microscopy to reveal ultrastructural
localization of SUR1 subunits in pancreatic b cells.
In the characterization of cultured b cells, the specificity
of both monoclonal and polyclonal antibodies against
insulin was examined in permeabilized and fixed cells
incubated with the primary antibody per se, the primary
antibody preabsorbed with bovine insulin, and the primary
antibody-omitted solution. The cells incubated with the
primary antibody exhibited intense insulin-like immunore-
activity (insulin-LI), which was granular in appearance.
However, no specific staining was observed in cells incu-
bated with the primary antibody preabsorbed with bovine
insulin or the primary antibody-omitted solution (data not
shown). Double immunofluorescence labeling of insulin
with Kir6.2 or SUR1 revealed that incubation with the mix-
ture of anti-insulin and anti-SUR1 or anti-Kir6.2 antibodies
(from the Seino laboratory, Kobe University Graduate
School of Medicine) gave moderately intense Kir6.2-LI
and SUR1-LI with clear granule-like structures; these,
however, were not colocalized with insulin-LI (Figure 5A).
Figure 5A shows a significant difference in the subcellular
distribution pattern between insulin- and SUR1- or Kir6.2-
LI. To further verify the subcellular distribution of insulin-
and Kir6.2-LI, a commercial anti-Kir6.2 antibody was em-
ployed. As shown in Figures 5Ba–5Bc, Kir6.2-LI did not
colocalize with insulin-LI. Lack of colocalization of either
SUR1 or Kir6.2 with insulin made it necessary to ensure
that the two associated KATP channel subunits SUR1
(a) and moderately intense SUR1-LI (b) in granule-like structures. A
cell incubated with a mixture of anti-insulin and rabbit anti-Kir6.2 anti-
bodies exhibits intense insulin-LI (d) and moderately intense Kir6.2-LI
(e) in granule-like structures. The subcellular distribution of insulin-LI
(a and d) is significantly different from that of SUR1-LI (b) and Kir6.2-
LI (e). No appreciable overlay of insulin-LI with either SUR1-LI (c) or
Kir6.2-LI (f) is seen.
(B) A cell labeled with a mixture of anti-insulin and goat anti-Kir6.2 an-
tibodies shows intense insulin-LI (a) and moderately intense Kir6.2-LI
(b) ingranule-like structures.There isa significantdifference insubcellular
distribution pattern between insulin-LI (a) and Kir6.2-LI (b). Kir 6.2-LI
is not overlaid with insulin-LI (c). A cell subjected to incubation with a
mixture of rabbit anti-SUR1 and goat anti-Kir6.2 antibodies displays
moderately intense SUR1-LI (d) and Kir6.2-LI (e) in granule-like struc-
tures. SUR1-LI (d) distributes very similarly to Kir6.2-LI (e) in the cell and
overlaps considerably with Kir6.2-LI (f).
(C) A cell incubated with a mixture of anti-chromogranin and anti-insulin
antibodiespresents intense chromogranin-LI (a) and insulin-LI (b) ingran-
ule-like structures. Chromogranin-LI (a) and insulin-LI (b) spread in a sim-
ilar manner in the cell. However, chromogranin-LI is only partly colocal-
ized with insulin-LI (c). A cell labeled with a mixture of anti-
chromogranin and goat anti-SUR1 antibodies exhibits intense chromog-
ranin-LI (d) andmoderately intenseSUR1-LI (e) in granule-like structures.
SUR1-LI (e) distributes similarly to chromogranin-LI (d). There is a sub-
stantial colocalization of SUR1-LI and chromogranin-LI (f) in the cell. A
cell subjected to incubation with a mixture of anti-chromogranin and
goat anti-Kir6.2 antibodies displays intense chromogranin-LI (g) and
moderately intenseKir6.2-LI (h) ingranule-like structures.Thedistribution
pattern of Kir6.2-LI (h) is very similar to that of chromogranin-LI (g), and
they colocalize substantially in the cell (i). These experiments were per-
formed three times. Scale bars = 4 mm.ier Inc.
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Glucose and b Cell KATP Channel TranslocationFigure 6. SUR1 Localizes in Chromogranin-Positive/Insulin-Negative Dense-Core Secretory Granules, but Not in Insulin-Contain-
ing Granules
Immunoelectron micrographs of pancreatic b cells double-labeled with anti-chromogranin and anti-SUR1 subunit antibodies or anti-insulin and anti-
SUR1 subunit antibodies. Immunogold particles (3 nm) corresponding to SUR1 subunits were visualized in dense-core secretory granules inwild-type
b cells (B), but not in sur1 knockout b cells (A). However, immunogold particles (10 nm) representing chromogranin were revealed in dense-core
secretory granules in both sur1 knockout (A) and wild-type b cells (B). Importantly, SUR1 (3 nm) and chromogranin immunogold particles (10 nm)
are situated in the same dense-core secretory granules (B), but SUR1 (3 nm) and insulin immunogold particles (10 nm) localize in two different
dense-core secretory granules in wild-type b cells (C). Scale bars = 0.1 mm.and Kir6.2 could be colocalized with the anti-SUR1 and
anti-Kir6.2 antibodies used. Figures 5Bd–5Bf show that
these two subunits were indeed highly colocalized.
To clarify the identity of intracellular KATP channel-con-
taining granules, cultured b cells were double-labeled
with anti-chromogranin and anti-insulin antibodies or anti-
chromogranin and anti-SUR1 or anti-Kir6.2 antibodies.
Only a portion of insulin-positive granules contained chro-
mogranin (Figures 5Ca–5Cc). Furthermore, a substantial
portion of SUR1-containing granules displayed chromog-
ranin-LI (Figures 5Cd–5Cf). Likewise, a considerable por-
tion of Kir6-2-containing granules exhibited chromogra-
nin-LI (Figures 5Cg–5Ci).
To localize SUR1 subunits at the ultrastructural level,
immunogold labeling was performed in wild-type and
sur1 knockout islet cells. Immunogold particles corre-
sponding to SUR1 subunits were visualized in chromogra-
nin-positive dense-core granules in wild-type islet cells
(Figure 6B), but not in sur1 knockout islet cells
(Figure 6A). Furthermore, as shown in Figure 6C, SUR1
subunits labeled with smaller gold particles are situated
in insulin-negative dense-core granules. Insulin labeled
with larger gold particles appears in another type of
dense-core granules. SUR1 subunits and insulin did not
colocalize in the same granules (see also Figure S1 in the
Supplemental Data available with this article online).
There is discrepancy between our observations and a
report by Geng et al. (2003) indicating that the insulin
secretory granule is the major site of KATP channels in the
b cell. There are several possible explanations for such
a discrepancy. First, the crossreaction of the antibody
used against insulin with proinsulin should be seriously
considered. It is well known that the transport vesicles
from the rough endoplasmic reticulum contain unsorted
proteins (Figure 7). Therefore, the transport vesicles in
the b cell could be labeled with not only the anti-SUR1
and/or anti-Kir6.2 antibodies but also the antibody recog-
nizing proinsulin. The previous report did not rule out thisCell Mpossibility (Geng et al., 2003). Second, a difference in
data analysis could also result in the discrepancy between
our observations and those of Geng et al. (2003). We ran-
domly analyzed immunostained cells, whereas the au-
thors of the previous report chose cells exhibiting small
uniform immunofluorescent puncta. Third, our deconvolu-
tion analysis definitely excludes the possibility that fluo-
rescence spreading results in artificial overlapping of
labeled Kir6.2 or SUR1 subunits with labeled insulin. Fi-
nally, overexpression of Kir6.2-GFP and SUR1-GFP as
well as labeling with the fluorescence-labeled sulfonylurea
compounds green glibenclamide BODIPY FL and red gli-
benclamide TR were used as additional techniques to ad-
dress localization of KATP channels in insulin secretory
granules in the Geng et al. (2003) study. Overexpression
can cause spillover of overexpressed proteins into abnor-
mal subcellular compartments and pathways where en-
dogenous proteins do not normally reside. Furthermore,
GFP tagging can severely interfere with tagged protein lo-
calization and trafficking bymasking signal sequences en-
coded in these proteins that control their distribution and
trafficking. Sulfonylurea binding sites can be located at
some other molecules in addition to KATP channel SUR1
subunits (Barg et al., 1999; Deeley et al., 2006). Here, we
rely on techniques characterizing endogenous KATP chan-
nels to draw our conclusions.
DISCUSSION
The present study shows that glucose stimulation effi-
ciently recruits functional KATP channel Kir6.2 and SUR1
subunits to the b cell plasmamembrane. Our electrophys-
iological data indicate that the increased whole-cell KATP
channel activity promoted by high glucose is due to an el-
evated number of KATP channels rather than an enhanced
function of channels already existing in the plasma mem-
brane. This is strongly supported by the fact that high-
glucose incubation significantly increased the number ofetabolism 6, 217–228, September 2007 ª2007 Elsevier Inc. 223
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cose-Induced Recruitment of SUR1 and
Kir6.2 Subunits
Glucose stimulation not only triggers insulin
exocytosis but also promotes KATP channel
SUR1 and Kir6.2 subunit recruitment via chro-
mogranin-positive/insulin-negative dense-core
secretory granules to the b cell plasma mem-
brane in a Ca2+- and PKA-dependent manner.
Thismodel is supported by (1) localization of in-
tracellular KATP channels in the chromogranin-
positive/insulin-negative dense-core secretory
granules, (2) translocation of intracellular KATP
channels to the plasma membrane by glucose
stimulation, and (3) ablation of glucose-in-
duced KATP channel translocation by inhibition
of PKA as well as elimination of extracellular
or intracellular Ca2+.KATP channels in inside-out patches but did not change
single KATP channel behavior in either inside-out or on-
cell patches. The electrophysiological experiments are
verified by evaluation of KATP channel pore-forming sub-
unit Kir6.2 translocation by combining immunoblot analy-
sis and biotinylation purification of plasma membrane
proteins. The results demonstrate that glucose efficiently
recruits Kir6.2 subunits to the b cell plasma membrane.
Increases in the number of functional KATP channels and
the abundance of Kir6.2 subunit proteins in the b cell
plasma membrane by glucose stimulation can be attrib-
uted to numerous possibilities. However, our data exclude
the possible involvement of autocrine action of insulin,
alteration in endocytosis, or changes in KATP channel
gene expression as evidenced by the following findings.
First, insulin was unable tomimic the effect of high glucose
on KATP channel translocation. Second, as expected, high
glucose significantly facilitated b cell endocytosis, which
cannot explain the increase in KATP channels in the b cell
plasma membrane. Third, there was no significant differ-
ence in the abundance of total proteins or protein levels
of Kir6.2 and SUR1 subunits between high- and low-glu-
cose treatments. Exclusion of these possibilities makes
the role of exocytosis in the glucose-promoted KATP chan-
nel recruitment unambiguous.
Although exocytosis appears to mediate this glucose-
promoted KATP channel recruitment, the specific secretory
pathway involved is not clear. Dogmatically, it has been
believed that neurons and endocrine and exocrine cells
are equipped with only two types of secretory pathways:
a regulated pathway for release of secretory molecules,
such as neurotransmitters, hormones, andenzymes, anda
constitutive pathway to renew integral membrane proteins224 Cell Metabolism 6, 217–228, September 2007 ª2007 Elseviand lipids. On the contrary, other types of cells were
thought to possess only the constitutive pathway and are
consequently called constitutive cells. However, experi-
mental evidence has revealed that constitutive cells are
also equipped with the regulated secretory pathway
(Chavez et al., 1996; Coorssen et al., 1996). This pathway
does not resemble the regulated pathway in neurons and
endocrine and exocrine cells. The regulated secretory
pathway in constitutive cells is indeed under the influence
of [Ca2+]i and activation of PKA and PKC (Chavez et al.,
1996; Coorssen et al., 1996). However, it delivers integral
membrane proteins instead of secretory molecules from
the trans-Golgi network to the plasma membrane.
The b cell, as a specialized secretory cell, uses a highly
differentiated regulated secretory pathway to serve its
primary function, i.e., insulin secretion (Ashcroft and Rors-
man, 1989; Molinete et al., 2000). As with all eukaryotic
cells, a constitutive secretory pathway also operates in
thebcell to renew its integralmembraneproteins and lipids
(Halban and Irminger, 1994). However, it is not known
whether the b cell is also equipped with a regulated secre-
tory pathway similar to that existing in constitutive cells
and known to transport integral membrane proteins. Our
data obtainedby immunofluorescence labeling and confo-
cal microscopy in combination with image deconvolution
demonstrate that SUR1 and Kir6.2 subunits localize in
abundant granule-like structures but do not colocalize
with insulin. Interestingly, we found that a portion of insu-
lin-containing granules are not equipped with the well-
known regulated secretory granule marker chromogranin
(Taupenotetal., 2003).More interestingly,Kir6.2andSUR1
subunits are situated in the chromogranin-positive/insulin-
negative granules. Importantly, our ultrastructural dataer Inc.
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insulin-negative dense-core secretory granules, but not
in insulin-containing granules. These results suggest that
b cells are not likely to use the insulin secretory pathway
to transport SUR1 or Kir6.2 subunits to the plasma mem-
brane. The chromogranin-positive/insulin-negative dense-
core granules equipped with KATP channels are unlikely to
be classical constitutive vesicles since the latter bud off
from the trans-Golgi network and immediately go to the
plasma membrane in an unregulated manner. Therefore,
the intracellular KATP channel-localizing granules repre-
sent regulated non-insulin-containing secretory granules
(Figure 7).
It is reasonable to extrapolate from the present work
that other neurosecretory cells, such as neurons and chro-
maffin cells, or even other islet cells may also be equipped
with chromogranin-positive/transmitter- or hormone-neg-
ative secretory granules. Such secretory granules may
transport KATP channels and other plasmamembrane pro-
teins, e.g., receptors, transporters, and other ion chan-
nels, to the plasma membrane to serve as a particular
type of regulatory mechanism for plasma membrane pro-
tein density.
Interestingly, the increase inKATP channels in theplasma
membrane caused by glucose stimulation is blocked by
elimination of extracellular or intracellular Ca2+. This glu-
cose-promoted KATP channel recruitment is also ablated
by inhibition of PKA, as evidenced by patch-clamp exper-
iments and immunoblot analysis/biotinylation purification.
These data indicate that the KATP channel-containing
dense-core granules undergo regulated exocytosis de-
pendent on [Ca2+]i and PKA activity. Such regulated
exocytosis in b cells resembles the regulated secretory
pathway in constitutive cells since both recruit integral
membrane proteins to the plasmamembrane and are reg-
ulated by [Ca2+]i and PKA phosphorylation. In accordance
with our findings, previous evidence indicates that KATP
channel trafficking is regulated by PKA phosphorylation.
For example, PKA activation plays an important role in
the regulation of the budding off of secretory granules
from the trans-Golgi network (Muniz et al., 1997). The
phosphorylation of SUR1 and Kir6.2 subunits has been
demonstrated to regulate KATP channel trafficking (Beguin
et al., 1999; Hu et al., 2003). The number of functional KATP
channels in thebcell plasmamembrane increasesdramat-
ically following PKA-mediated phosphorylation (Beguin
et al., 1999).
It is well known that KATP channel translocation to the
plasma membrane is mediated by constitutive exocytosis
in nonsecretory cells (Zerangue et al., 1999). The present
study suggests that pancreatic b cells also translocate
KATP channels through a regulated exocytotic pathway fol-
lowing high-glucose stimulation. This pathway relies on
chromogranin-positive/insulin-negative dense-core gran-
ules and is regulated by [Ca2+]i and PKA activity. This
mechanism responsible for the regulation of KATP channel
density endows glucose with an additional function in the
b cell—namely, to facilitate functional protein translocation
by stimulating regulated non-insulin exocytosis.Cell MeThe sensitivity of b cells to glucose stimulation depends
critically on the copy number of plasma membrane KATP
channels (Nichols, 2006). Indeed, opening b cell KATP
channels results in b cell membrane hyperpolarization
and, thereby, inhibition of insulin secretion (Koster et al.,
2005). High glucose closes b cell KATP channels. It may
seem that the glucose-promoted KATP channel recruit-
ment to the plasma membrane should produce inhibitory
or null effects on insulin secretion. However, functional
consequences of KATP channel recruitment should be
considered not only in the sustained period of high glu-
cose but also in the transition phase from low to high
and high to low glucose, with regard to both electrical
and nonelectrical aspects. Hence, b cell KATP channel re-
cruitment may be a prerequisite for proper b cell function.
The resting membrane potential (approximately 70 mV)
of b cells is determined by the high proportion of opened
KATP channels and a very small fraction of unknown chan-
nels probablymediatingNa+ influx (Ashcroft andRorsman,
1989). Therefore, the restingmembrane potential of b cells
is slightly more positive than K+ equilibrium potential (ap-
proximately 75 mV). From the Goldman equation and
the Nernst equation (Hille, 2001; Kandel et al., 2000), it
can be predicted that the glucose-promoted increase in
KATP channel numberwill result in a somewhatmorehyper-
polarized plasmamembranewhen the glucose concentra-
tion falls. This will result in less steady-state inactivation of
voltage-gated Ca2+ channels and, thereby, a more pro-
nounced insulin release subsequent to stimulation.
In addition, an increased number of KATP channels
shouldmake repolarization of the b cell plasmamembrane
more efficient at lowering glucose concentration, which is
essential for glucose homeostasis. Therefore, the mainte-
nance of an appropriate number of KATP channels in the
b cell plasma membrane endows this cell with an efficient
capability to respond electrically to changes in blood glu-
cose concentration. Moreover, the KATP channel, and in
particular the SUR1 subunit, not only couples glucose
stimulation to insulin secretion through changes in b cell
membrane potential but also is likely to serve as a constit-
uent of the exocytotic machinery tomediate insulin exocy-
tosis (Eliasson et al., 2003). It has been demonstrated that
the complex interaction of SUR1 subunits, cAMP-GEFII,
Piccolo, RIM2, Rab3, andCaV1.2 subunits plays an essen-
tial role in cAMP-dependent/PKA-independent insulin
secretion (Ozaki et al., 2000; Shibasaki et al., 2004). sur1
knockout b cells show much less cAMP-dependent/
PKA-independent insulin secretion (Eliasson et al., 2003).
Physiologically, the glucose-promoted KATP channel re-
cruitment likely functions as a feedback mechanism to
electrically and nonelectrically control glucose-stimulated
insulin secretion and thereby plays an important role in
glucose homeostasis. It may also, at least in part, consti-
tute themolecular mechanism of b cell memory to glucose
stimulation operating in human, rat, and mouse b cells
(Grill et al., 1978; Grodsky, 1972; Nesher and Cerasi,
2002; Straub and Sharp, 2002; Zawalich and Zawalich,
1996). Pathophysiologically, impairments of glucose-pro-
moted KATP channel recruitment may be involved in thetabolism 6, 217–228, September 2007 ª2007 Elsevier Inc. 225
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secretion fails to operate properly in KATP channel knock-
out mice and since mice with a decreased number or
complete loss of b cell KATP channels become diabetic
following dietary stress (Koster et al., 2005; Miki et al.,
1998; Remedi et al., 2004; Seghers et al., 2000; Shiota
et al., 2002).
EXPERIMENTAL PROCEDURES
Islet Isolation and b Cell Culture
Islets of Langerhans were isolated from adult male and female mice,
and single b cells from these islets were cultured as previously
described (Juntti-Berggren et al., 2004).
Electrophysiology
Conventional whole-cell, on-cell, and inside-out patch-clamp tech-
niques were used to record whole-cell and unitary KATP currents in sin-
gle pancreatic b cells from 12 batches of isolations exposed to 0.3 mM
diazoxide (Sigma). The cells were incubated with 3 mM glucose, 3 mM
glucose plus insulin (50 mU/ml), 17 mM glucose, 17 mM glucose plus
0.5 mM EGTA, 17 mM glucose plus 1 mM H-89, 17 mM glucose plus
0.1 mM BAPTA/AM, or 17 mM glucose plus 20 mM PKI for 1 hr before
recording. For whole-cell recording, electrodes were filled with a solu-
tion containing (in mM) 125 KCl, 30 KOH, 1 MgCl2, 10 EGTA, 5 HEPES,
0.3 MgATP, 0.3 KADP (pH 7.2). In cell-attached experiments, elec-
trodes were filled with a solution consisting of (in mM) 145 KCl,
10 NaCl, 1.1MgCl2, 2.5 CaCl2, 10HEPES (pH 7.2). For inside-out patch
measurements, electrodes were filled with a solution containing
(in mM) 138 NaCl, 5.6 KCl, 2.6 CaCl2, 1.2 MgCl2, 5 HEPES (pH 7.4).
During conventional whole-cell and on-cell patch recordings, cells
were bathed in the same extracellular solution containing (in mM)
138 NaCl, 5.6 KCl, 2.6 CaCl2, 1.2 MgCl2, 5 HEPES, and 3 or 17 glucose
(pH 7.4). The bath solution for inside-out patch measurements con-
tained (in mM) 125 KCl, 30 KOH, 1 MgCl2, 10 EGTA, 5 HEPES
(pH 7.15). Unitary K+ currents were measured at 0 mV, whereas
whole-cell K+ currents were evoked by 10 mV hyperpolarizing and
depolarizing voltage pulses (300 ms duration, 2 s pulse interval). Appli-
cation of 0.1 mM tolbutamide (Sigma) or 0.1 mM MgATP (Sigma) was
used to confirmwhole-cell or unitary KATP currents. All recordings were
made at room temperature (22C). Whole-cell currents were regis-
tered when they stabilized 4–6 min after addition of diazoxide or tolbu-
tamide. The amplitude of whole-cell K+ currents was normalized by the
capacitance of the cells. Acquisition and analysis of data were per-
formed using an Axopatch 200 amplifier and the software program
pCLAMP (Axon Instruments).
Isolation of Plasma Membrane Proteins
RINm5Fcells cultured inRPMI1640mediumsupplementedwith11mM
glucose were incubated for 1 hr in RPMI 1640 medium without glucose
and then for another 1 hr in RPMI 1640 medium containing 0 mM glu-
cose, 11 mM glucose, or 11 mM glucose plus 20 mM PKI. The cells
were incubated with 2 mM Sulfo-NHS-LC-Biotin (Roche) for 50 min at
4C.Subsequently, thecellswerewashed three timeswithPBScontain-
ing 100 mM glycine and homogenized in buffer containing 20 mM
HEPES, 1 mM MgCl2, 2 mM EDTA, and protease inhibitors (Roche).
The homogenates were centrifuged at 1000 3 g for 1 min to remove
cell debris. NP-40 (2%) was added to the resultant supernatants. The
samples were then incubated with streptavidin magnetic particles for
40 min at room temperature. The bead-bound proteins were eluted
with SDS sample buffer containing 10% b-mercaptoethanol at 100C
for 12 min to obtain biotinylated plasma membrane proteins.
SDS-PAGE and Immunoblot Analysis
SDS-PAGE (Laemmli, 1970) was employed to analyze Kir6.2 and
SUR1 subunits. The separated proteins were electroblotted to hydro-
phobic polyvinylidene difluoride membranes (Hybond-P, Amersham).226 Cell Metabolism 6, 217–228, September 2007 ª2007 ElsevThe blots were incubated overnight at 4C with rabbit polyclonal anti-
bodies against Kir6.2 (1:2000) and SUR1 subunits (1:2000).
FM1-43 Imaging
Cultured b cells were incubated with 3 or 17 mM glucose medium for
20 min at 37C. Subsequently, FM1-43 (Molecular Probes) was added
to the medium at a concentration of 5 mM, and the cells were further
incubated for 40 min. FM1-43 accumulation in the cells was measured
with a Leica TCS SP2 confocal laser scanner equipped with a 488 nm
Ar laser and connected to a Leica DM IRBE microscope (Leica Micro-
systems Heidelberg GmbH). FM1-43 was excited by a 488 nm laser
line, and the resultant emission was captured using a Leica PL APO
1003/1.40 oil objective at 540–650 nm. Intracellular FM1-43 fluores-
cence intensity was quantified with Leica Confocal Software.
Immunocytochemistry and Confocal Microscopy
Cultured b cells were treated as previously described (Berggren et al.,
2004; Lilja et al., 2001). Three sets of experiments were performed with
cultured b cells. In the first set, cells were incubated withmousemono-
clonal anti-insulin (1:100, BioGenex) or guinea pig polyclonal anti-insu-
lin (1:200, Nordic BioSite). In the second set, cells were double-stained
by combining rabbit polyclonal antibody with either Kir6.2 (1:200) or
SUR1 (1:200) with monoclonal anti-insulin (1:100, BioGenex). In the
third set, cells were double-labeled with goat polyclonal antibody to
Kir6.2 (1:10, Santa Cruz Biotechnology) and rabbit polyclonal antibody
to either SUR1 (1:200) or chromogranin (1:200, Abcam), goat poly-
clonal antibody to Kir6.2 (1:10, Santa Cruz Biotechnology) and guinea
pig polyclonal antibody to insulin (1:200, Nordic BioSite), rabbit poly-
clonal antibody to chromogranin (1:200, Abcam) and guinea pig poly-
clonal antibody to insulin (1:200, Nordic BioSite), or goat polyclonal an-
tibody to SUR1 (1:10, Santa Cruz Biotechnology) and rabbit polyclonal
antibody to chromogranin (1:200, Abcam). The cells were thereafter in-
cubated with goat anti-rabbit IgG coupled to fluorescein isothiocya-
nate (FITC) (1:100, Vector Laboratories), goat anti-mouse IgG coupled
to Texas red (1:80, Vector Laboratories), goat anti-rabbit or anti-guinea
pig IgG coupled to Alexa 488 (1:200, Molecular Probes) or Alexa 546
(1:200, Molecular Probes), or donkey anti-goat IgG coupled to Alexa
633 (1:200, Molecular Probes). Omission of the primary antibodies or
incubation with nonimmune IgG from corresponding species was
used as controls. Preabsorption of anti-insulin (1:200) with bovine insu-
lin (1000 mg/ml) was also performed to evaluate the specificity of the
anti-insulin.
The labeled specimens were visualized with a Leica TCS SP2 AOBS
confocal laser scanner equipped with 488 nm Ar, 543 nm HeNe, and
633 nm HeNe lasers and connected to a Leica DM LFSA microscope
as previously described (Berggren et al., 2004). Confocal images were
processed and deconvoluted with Leica Confocal Software, Huygens
Essential (Scientific Volume Imaging), and AQM Advance 6 (Kinetic
Imaging).
Immunogold Labeling and Electron Microscopy
Islets were fixed in 3% paraformaldehyde in 0.1 M sodium cacodylate
buffer (pH 7.4) overnight. Sectioning was performed according to
Tokuyasu (1973). Basically, fixed islets were cut into 100 nm sections
with a cryostat. Sections were placed on carbon-reinforced formvar-
coated nickel grids and placed directly on drops of 0.1 M phosphate
buffer containing 20 mM glycine for 30 min. The sections were incu-
bated with anti-SUR1 antibody (1:400) together with either anti-insulin
(1:200) or anti-chromogranin (1:200) antibody in 0.1 M phosphate
buffer containing 0.1% gelatin and 0.1% bovine serum albumin over-
night at room temperature. Subsequently, the sections were subjected
to incubation with protein A-gold solution for the first labeling followed
by incubation with secondary antibody for the second labeling (Wilcke
et al., 1995). The grids were examined in a Tecnai 10 electron micro-
scope at 80 kV, and digital images were acquired with a MegaView
III camera (AnalySiS).ier Inc.
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